Hydrological and hydrogeological investigation of drained land can be 
for the development of a suitable drainage model. To meet these requirements, a fully distributed coupled surface-subsurface flow model named henceforth DrainFlow is developed and described here. DrainFlow To overcome the non-linearity problem created from switching between wet and dry boundaries, a smooth switching technique is introduced to buffer the model at tile drains and interface surface-subsurface flow boundaries. This gives a continuous transition between Dirichlet and Neumann boundary conditions. DrainFlow applied to some drainage study standard examples is found to be quite flexible in terms of changing all or part of the model dimensions as required by problem complexity, problem scale, and data availability. This flexibility gives DrainFlow the capacity to be modified to meet the specific requirements of varying scale and boundary conditions, as often encountered in drainage studies. Compared to traditional drainage models, DrainFlow has the advantage of estimating
Introduction
In an artificially drained zone, during a rain recharge event water infiltrates from the ground surface through the soil profile to the saturated zone, raising the water table. Water in the saturated zone then moves to tile drains and subsurface drainage networks. If the rainfall rate exceeds the infiltration capacity, because of either a change in rainfall or infiltration rate, ponding may occur at the ground surface as water accumulates at ground surface micro-topography. After filling surface depressions, further rainwater moves as surface overland flow or along small micro-channels.
After rainfall cessation, infiltration will continue until the remnant surface water either drains away or evaporates. Developing a comprehensive model for an artificially drained land area remains a challenge for hydrological and groundwater models. The reason is that modelling is made difficult because the subsurface drainage process as described above strongly connects to surface flow [1] .
Furthermore, the modelled spatial scale may vary from high-resolution small scale investigations through to comprehensive catchment or regional-scale studies.
To date, many empirical and analytical expressions and numerical solutions [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] have been developed to identify the relation between tile drain discharge and soil hydrodynamic properties, tile drain depth, and drain spacing. In addition, a number of special-purpose computer codes have been developed for estimating optimal drain spacing, including DRAINMOD [39] , DRENAFEM [33] and MHYDAS-DRAIN [40] . However, both analytical and numerical drainage models rarely incorporate both the surface and subsurface flow with connection between overland flow and groundwater movement. In fact, neither subsurface nor surface flow models alone are capable of reflecting the complete surface-subsurface flow behaviour of a complex and integrated environmental system such as an artificially drained land surface.
Coupled surface-subsurface flow has been extensively investigated over the last decade in many hydrological and hydrogeological studies. The literature describes a range of environmental process applications including irrigation and drainage [41] [42] [43] [44] [45] [46] [47] [48] , solute transport and particletracking [49, 50] , sediment transport [51, 52] , flood control [53] , residence time and hydrograph separation [54] [55] [56] [57] [58] [59] , land surface recharge [60] [61] [62] , and runoff generation [57, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] .
In addition, some interaction surface and subsurface flow models have been developed. This includes, for example, ParFlow [74] [75] [76] PAWS [77] , CATHY [78] , HydroGeoSphere (HGS) [79, 80] , InHM [71, 81] , tRIBS + VEGGIE [82] [83] [84] , and OpenGeoSys (OGS) [85] [86] [87] . In spite of the considerable effort in this field, none of the available codes are specialized to allow for the scale variation that is often encountered in drainage studies. This wide range of scales poses a significant challenge for the development of a suitable general drainage model. To overcome the non-linearity problem created from switching between dry and wet boundaries, a new technique is included in DrainFlow as a guard against this nonlinearity issue. The new technique provides smooth switching between wet and dry boundary conditions to buffer the model at tile drains and interface surface-subsurface flow boundaries.
The most useful feature of DrainFlow is that it has the capability to alter its dimensioning of surface and subsurface flow domains, depending on the complexity of the problem, scale, and the availability of data. Even though higher dimensions define a wider range of problems, in many cases useful solutions can be obtained via lower-dimension surface and subsurface flow models. Also, in contrast to traditional analytical and numerical drainage models, DrainFlow has the advantage of estimating land surface recharge directly from the partial differential Richards equation [88] rather than using analytical and empirical methods like Green and Ampt [89] .
With reference to the structure of this chapter, sections 2 to 4 introduce the surface and subsurface flow modules, relevant equations, and the methodology applied to couple the equations and modules. DrainFlow was tested against five well-known integrated surface-subsurface flow problems and results are discussed in the section 5. In addition two applications of DrainFlow in some examples are described in Section 6.
Model development Overview
In a tile drained catchment, the hydrological components such as tile/mole drains, open drains, rivers network, groundwater table, and soil moisture are hydrologically connected. To give best approximation to an environmental system, all model elements should reflect these distinctive but interacting hydrological elements. That is, the modules need to interact to properly mimic reality. Overland flow is defined by the governing equation which includes a mass conservation law and two momentum equations known as the SaintVenant (shallow water) equations:
where hs is the water depth, Hs = hs+Zs and Zs is ground surface elevation, u and v are the depth-averaged flow velocity in the x and y directions, Sfx and Sfy are friction slopes in x and y directions, g is the gravitational acceleration, qe represents source-sink terms per unit area:
where qir is the time series of rainfall and/or irrigation per unit area, qET is the time series of evapotranspiration per unit area, q21 is the exchange flux between the subsurface flow and overland flow per unit area.
It is important to note that a number of approximations are made for derivation of the Saint Venant equations: constant fluid density, hydrostatic pressure distribution, zero surface shear stress with air, neglecting other source-sink terms in flow field, neglecting the momentum flux due to eddy viscosity, and neglecting external momentum-impulse. In addition, water depth hs is required to be much smaller than wave length or the characteristic length of the water body. The Saint Venant equations are therefore only valid for situations of shallow water and gentle slopes [90] .
Despite the simplifications involved, solving the Saint Venant equations in their comprehensive form remains a challenge. To overcome this difficulty the first three terms of momentum equations are assumed to be negligible. This is known as the "diffusive-wave" or "zero-inertia" assumption. 
where nn and S0n are the Manning roughness coefficient and slope in the direction perpendicular to the boundary respectively.
Tile drains (TD)
The unsteady and non-uniform flow in tile drains is a form of spatiallyvaried flow [62] , and in DrainFlow the free-surface flow in the tile drains is represented by a one-dimensional open circular channel:
where s is the flow direction in the tile drain, VD is the velocity magnitude in s direction, A is the cross section area perpendicular to s direction, qeD is represents the tile drain source-sink terms, SfD is the friction slope in the s direction.
HsD is the total head:
where hsD is water depth in tile drain, and ZD is the elevation of the tile drain base. Beside the other assumptions listed for Eq 1, the density and viscosity of the drained water from the tile drain is assumed as for fresh water.
Using the diffusive wave approach and the Manning formula for friction slope, drain velocity (VD) is expressed as:
where nD is the pipe drain Manning roughness coefficient, S0D is the pipe drainage slope in flow direction, and R is hydraulic radius [61] .
The geometrical elements of tile drains are defined as:
where P is the wetted perimeter, T is top width of the free surface and θ is the tile drain cross section central angle in radians [63] . Geometrical 
where Zc is the channel base elevation.
Subsurface flow module (SSM)
In the DrainFlow code, saturated and unsaturated flow in a porous medium utilises Richards equation as the governing equation:
where Ks is the saturated hydraulic conductivity tensor, Ss is the specific storage coefficient, Sw is the water saturation, hp =H-Z is the pressure head , H is the total head, Z is the elevation above an arbitrary datum,  is the porosity, Kr is the relative permeability, and qes represent subsurface flow source-sink terms per unit area.
In order to solve the Richards equation the relationships between Sw-hp
and Kr-Sw are required. In the DrainFlow code an analytical expression between the Sw-hp and Kr-Sw terms is implemented following VanGenuchten [92] :
where Se is the effective saturation, lVG is a pore connectivity parameter (usually assume to be 0.5), α and nVG>1 are the two Van Genuchten fitting curve parameters and mVG=1-1/nVG. 
Coupling methods
The calculated values are then used as decision making parameters to select either Neumann or Dirichlet boundary conditions for the interface boundaries between overland flow and subsurface flow domain. 
1D Flow in Channel
The current infiltration rate of the model is compared with effective rainfall.
If the infiltration rate is larger than the effective rainfall (I>qIR) or runoff does not show up on the overland flow (hs ≤0), then all the effective rainfall is passed to the subsurface model. Consequently, in the overland flow module the exchange flux between subsurface flow and overland flow (q21) is set as the effective rainfall, while in the subsurface flow module the interface boundary condition is set as a Neumann boundary condition with qIR specified flux.
DrainFlow keeps these conditions until either the infiltration rate becomes To provide an automatic switching mechanism between Neumann and Drichlet boundary conditions a mixed boundary condition is introduced to the DrainFlow code: (20) where Hs is the surface water total head, H is the groundwater total head, Rb is the conductance of the interface boundary material, K's and M are respectively the hydraulic conductivity and the thickness of a thin layer next to the interface boundary. Eq 20 represents a Neumann boundary condition when Rb=0, and a Dirichlet boundary condition when Rb is a large number and N0 =0 [58] .
By using a Heaviside function (Hv(x)),
where x is the Heaviside function variable, the infiltration rate exchange between the overland flow and groundwater can be defined by:
is infiltration exchange between the overland flow and subsurface flow.
Tile drain and subsurface module connections
A seepage-face boundary condition is implemented for tile drains in the subsurface flow module. Once water flows in a tile drain or the pressure head at the drain boundary calculated by the subsurface model becomes larger than zero, the seepage-face boundary switches from a zero-flux to a constant head boundary condition.
By using a Heaviside function the infiltration rate exchange between tile drain and groundwater can be expressed as:
is the infiltration rate exchange between tile drain and subsurface flow and RDb is the entrance seepage conductance due to minor head loss at tile drains entrance.
HSD is the total head in the tile drain:
where Zout is the tile drain outlet elevation, S0D is the pipe drainage slope in flow direction, and lsD is distance from the tile drain outlet . For simulating this impact in the DrainFlow code, once the total head in the main drain increases to an elevation higher than the tile drain outlet level, the exceeded head over the tile drain outlet level automatically adds to the elevation of the tile drain base. (27) where ZDo is the calculated tile drain base elevation at the outlet, ZDb is the actual elevation of the tile drain at the outlet and HmT is the exceed head over the tile drain base at the out let. The amount of HmT is calculated by the main drain module for each time step.
ZDo = ZDb+HmT

Smoothed Heaviside function
Switching between Neumann and Dirichlet boundary condition can cause nonlinearity problems. In DrainFlow code to avoid these issues the Heaviside function Hv(x) is replaced by smoothed Heaviside functions.
Many smoothed Heaviside functions are recommended in the literature, one utilised here being the logistic function:
where err is the specified smoothing factor.
Another example is the flc2hs(x, err) function of COMSOL [93] which is a 
Benchmark tests
To check the model capability on integrated surface-subsurface flow problems, this section gives some comparisons between DrainFlow and seven known coupled surface-subsurface flow codes: CATHY [78] , HydroGeoSphere (HGS) [79, 80] , OpenGeoSys (OGS) [85] [86] [87] , ParFlow [74] [75] [76] , PAWS [77] , PIHM [71, 81] , and tRIBS + VEGGIE [82] [83] [84] . Evapotranspiration was neglected for both scenarios. Therefore, the rainfall is equal to effective rainfall for this example.
Predicted discharge at the outlet by DrainFlow and the other integrated hydrologic models (called hereafter as "IHMs") given by Maxwell et al [94] are shown in 
Slab case
The slab benchmark case was introduced by Kollet and Maxwell [75] [94] ) at the hill-slope outlet As a response to the soil heterogeneity specified in the benchmark, DrainFlow predicts step-like hydrographs at the hill slope outlet. The first jump in the hydrograph results from the runoff generated by the slab component. Fig 7 shows the DrainFlow overland flow hydrograph increases rapidly to 0.75 m 3 /min at about 115 minutes and discharge almost remains stable for a short period of time. However, the hydrograph peaks again at 1.14 m 3 /min at around 160 minutes due to late runoff generated by the part upper than the slab. Fig 7 shows the maximum discharge calculated by DrainFlow is very similar to the results of Parflow and OGS for the slab benchmark.
Return flow
The hill-slope in the return flow benchmark is much steeper than the other benchmarks. The DrainFlow code simulated two scenarios, with Sx set at 0.5% and 5% respectively. The model was run for continuous rainfall at evaporation period are similar to the Cathy code prediction in both scenarios.
V-Catchment
The V-catchment benchmark comprises two 1000 x 800m tilt planes, joined by a 1000 x 20m channel in the middle (Fig 9) . The ground surface slopes are 2% and 5%, respectively, parallel and perpendicular to the channel direction. The benchmark starts with a 90min uniform rainfall at the 1. The model was run for two scenarios to simulate complete infiltration and saturation excess runoff conditions. The hydraulic conductivity values were set as smaller and larger than the effective rainfall rate for the infiltration and saturation excess runoff scenarios respectively.
The rainfall was fixed at a uniform rate of 5.5x10 -6 m/s for a two-day period, followed by 8 days of evapotranspiration at a constant 2.75x10 - It would be expected to take much longer to solve for Example 2 than Example 1, due to more finite elements cells (particularly in the subsurface flow domain), and more tile drain modules. However, making some simplification assumptions were made that significantly facilitates the simulation process.
The first simplification involves reducing the subsurface and overland flow dimensions. The surface and subsurface flow in the y direction, which is parallel to the tile drains direction, is assumed to be negligible. Therefore, the dimensions of overland flow module drops from 2 to 1 dimension.
Similarly, the subsurface model dimension is dropped from 3 to 2- 12% of the total rainfall volume is drained by tile drains when the tile drain spacing is 100m, but this percentage increases to about 30% when tile drain spacing is 12.5m. Therefore it could be concluded that decreasing the tile drain spacing has effective impact on dropping the peak and cumulative runoff and increases the peak and total water drained water by the main drain.
Conclusion
DrainFlow is a fully distributed integrated surface and subsurface flow model, designed for drainage studies. Development, tests and applications of DrainFlow have been discussed. In contrast to the pervious drainage models, DrainFlow has the advantage of calculating land surface recharge directly from the partial differential form of the Richards equation rather than implementing empirical methods.
To develop the model, a range of modules are separately formulated.
Each module is then connected to the related modules. Consequently, all modules work together simultaneously by using outcomes of the other modules to yield the final result. A new technique is included in DrainFlow as a guard against the nonlinearity issue, which often occurs in coupled surface -subsurface flow models because of switching between dry and wet boundary conditions. This method provides for smooth switching between dry and wet boundary conditions.
To compare the DrainFlow code with the other coupled surface and subsurface flow models, some comparisons are made for five well-known integrated surface and subsurface benchmarks. As a result of these comparisons, it is concluded that the DrainFlow code is in reasonably good agreement with the other coupled surface and subsurface flow codes.
In addition, two new hypothetical tile drainage examples were introduced and the DrainFlow code was run for these examples. The first example is designed to challenge the DrainFlow code in high-resolution and smallscale tile drainage studies. It was shown that DrainFlow code can compute effects of ground surface Manning roughness coefficients and slopes on the tile drain hydrographs, which was not predictable by traditional tile drainage models.
The second example was designed to challenge DrainFlow with model upscaling issue. As a result of two additional simplification assumptions the computational solving time declined dramatically from 10 days to less than 10 minutes in a model comprising 80 tile drains.
Finally, on the basis of various tests and applications it is concluded that in addition to comprehensiveness, DrainFlow is quite flexible. Based on required conceptual model complexity, scale and data availability, DrainFlow can be easily modified dimensionally or methodologically to a less or more complex model.
